Mutations in RPE65 or lecithin-retinol acyltransferase (LRAT) disrupt 11-cis-retinal synthesis and cause Leber congenital amaurosis (LCA), a severe hereditary blindness occurring in early childhood. The pathology is attributed to a combination of 11-cis-retinal deficiency and photoreceptor degeneration. The mistrafficking of cone membrane-associated proteins including cone opsins (M-and S-opsins), cone transducin (G t2 ), G-protein-coupled receptor kinase 1 (GRK1), and guanylate cyclase 1 (GC1) is suggested to play a role in cone degeneration.
INTRODUCTION
Retinoid isomerase (RPE65) and lecithin-retinol acyltransferase (LRAT) are two key enzymes involved in the generation of 11-cis-retinal in the retinal pigment epithelium (RPE). Mutations in either gene lead to Leber congenital amaurosis (LCA), a severe childhood blindness. Three mouse models (Rpe65 -/-, rd12, and Lrat -/-) and a dog model have been widely used to study the disease mechanism and treatment strategy (1-6), which paved the way for the first successfully treated inherited retinopathy using gene augmentation therapy (7-9). A subsequent three-year follow-up study found that gene therapy significantly improves vision, but does not slow down the rate of photoreceptor degeneration (10) . This study shows the need for combinatorial therapy to both improve vision and slow photoreceptor degeneration. Thus, it is important to understand the mechanism of photoreceptor degeneration in LCA patients to design improved therapy.
In both LCA patients and animal models, both rod and cone function are severely compromised due to a combination of 11-cis-retinal deficiency and photoreceptor degeneration. Early loss of foveal cones was reported in RPE65-deficient patients (11, 12) . S-cone function is lost earlier than the L/M-cone function (11, 13, 14) . In mouse models, apo-rhodopsin is transported normally to the rod outer segments (ROS) and the rod photoreceptors degenerate slowly ( 10 months). In contrast, the cone opsins (S-opsin and M-opsin) fail to traffic from the cone inner segment (CIS) to the cone outer segment (COS) properly, and the cone photoreceptors in the central/ventral regions degenerate rapidly ( 4 weeks) (3, [15] [16] [17] . Concomitantly, cone membrane-associated proteins, e.g. cone transducin -subunit (G t2 ), cone phosphodiesterase 6 (PDE6), guanylate cyclase 1 (GC1), G-protein-coupled receptor kinase 1 (GRK1), are not transported to the outer segment properly and are degraded (17) . Our previous studies showed 4 that, in the absence of 11-cis-retinal, the short-wavelength (S) opsins are more prone than the medium-and long-wavelength (M and L) opsins to aggregation, which triggers endoplasmic reticulum (ER) stress (18) (19) (20) . Thus, S-opsin is likely playing an important role in LCA cone degeneration. Because many membrane-associated proteins (e.g. GC1) in cones are also mislocalized and degraded, and could potentially, affect cone cell survival, it is important to determine the precise role of S-opsin in cone degeneration in LCA. We have addressed this question by genetically deleting either one or both alleles of S-opsin from Lrat 
RESULTS

Genetic deletion of either one or both alleles of S-opsin from
Genetic removal of either one or both alleles of S-opsin from Lrat -/-mice reduces ER stress
We have shown previously that the central and ventral Lrat 
), suggesting that, 1) most of the ubiquitin signal is associated with S-opsin; 2) ubiquitination of misfolded S-opsin may be an important factor in the pathological process of LCA. We also examined two peripheral membrane-associated proteins GRK1 and G t2 in Opn1sw
Mistargeting of membrane-associated proteins in
COS. We were not able to detect GRK1 ( 
DISCUSSION
The main finding of this work is that S-opsin plays a major pathological role in the rapid cone degeneration in the LCA mouse model Lrat presented here and in our previous study (18, 19) , we proposed a model to explain the different roles of S-opsin and M/L-opsins in the degeneration of cone photoreceptors in LCA due to RPE65 and LRAT mutations (Fig. 7) . This model explains the region-dependent cone degeneration pattern in the retina of LCA mouse models (27). It also explains why S-cone function is lost earlier than the L/M-cone function in LCA patients (11, 13, 14) . Moreover, this model may represent a general mechanism for the faster cone degeneration in the ventral and Similar to M-opsin, these proteins are largely degraded (17) , likely via the ERAD pathway, and therefore pose less of a problem for cone cells (Fig. 6 ). 2. The expression of these proteins is much less than that of either M-or S-opsin, so that their loss or mistrafficking should, in theory, have even a "milder" effect than that of mistrafficked M-opsin for cone viability. Collectively, we conclude that cone opsins are the "second messenger" linking 11-cis-retinal deficiency to cone degeneration in LCA due to opsin misfolding (33), mistrafficking, and aggregation (for Sopsin). Thus, RPE65 (or LRAT) LCA shares the etiology of a large diversity of disorders (i.e., conformational diseases) such as Alzheimer's disease, Parkinson's disease, and type 2 diabetes, caused by improper protein folding (misfolding) as well as the accrual of unfolded proteins.
However, different cone opsins have very different roles in cone degeneration (Fig. 7) . The aggregation-prone S-opsin causes intense ER stress and rapid cone degeneration pharmacological chaperones) and to enhance proteasome activity. 
MATERIALS and METHODS
Animals
Immunohistochemistry
The immunohistochemical procedure was performed as previously described (18, 35) . Cryostat sections (10-15 μm) were incubated with primary antibodies as indicated, and were visualized with Alexa 488-or Cy3-conjugated secondary antibodies. Sections were examined by Olympus FV1000 confocal microscope. Primary antibodies against S-opsin, M-opsin, cone arrestin, ubiquitin, CHOP, GRK1, GC1, and G t2 were described in our previous publications (18, 19, 24) .
For experiments in Figs. 4 & 5, an antigen retrieval step (10 mM sodium citrate, pH 6.0, 95 C, 5 min) was added before immunolabeling.
Histology and Electron Microscopy
Mouse eyes were immersion-fixed overnight in a fixative containing 2.5% glutaraldehyde/1%
formaldehyde and resin embedded as previously described (36, 37). Samples were sectioned at 1 m and stained with Richardson's stain. For electron microscopy, fixed tissues were osmicated 45-60 min in 0.5%-1% OsO 4 in 0.1M cacodylate buffer, processed in maleate buffer for staining with uranyl acetate, and resin-embedded as described (38). Ultrathin sections were cut at 90 nm with a PT-X ultramicrotome (RMC) and imaged at 80 KeV in JEOL JEM 1400 electron microscope.
Western blot
Retinas from both eyes of the mouse were sonicated in 150 µl of RIPA buffer (150 mM NaCl, Peroxidase. The primary antibodies were the same as used in immunohistochemistry. In addition,
anti--actin (AC-15, Sigma-Aldrich) was used as a loading control.
Statistics
Data were presented as mean ± SEM, and the differences were analyzed with unpaired twosample Student's t-test. P-values < 0.05 were considered statistically significant.
SUPPLEMENTARY MATERIAL
Supplementary Materials is available at HMG online.
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